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Abstract 
In this work, the relationship between Carnot engine and Szilárd engine was discussed. By defining 
the available information about the temperature difference between two heat reservoirs, the Carnot 
engine was found to have a same physical essence with Szilárd engine: lossless conversion of 
available information. Thus, a generalized Carnot's theorem for wider scope of application can be 
described as “all the available information is 100% coded into work”.  
 
 
Introduction 
As one of the most fundamental physics laws, the second law of thermodynamics can trace its origin 
back to Carnot's theorem obtained by Sadi Carnot in 1824, which limits the maximum efficiency 
for any possible engine. However, James Clerk Maxwell created a thought experiment (Maxwell's 
demon) in which the second law might be violated in 1867. In 1929, Leó Szilárd invented an engine 
which can transform heat from an isothermal environment into work at the cost of the information 
consumption of a Maxwell's demon[1]. After the efforts of many researchers[2–5], Maxwell's 
demon was proved to be consistent with the second law. In recent year, benefit from advances in 
technology, various kinds of Maxwell's demons have been realized in laboratories with methods of 
both physics[6,7] and chemistry[8–10]. In biology, the special channel structure of aquaporin-1 was 
also found to enable it to work as a suspect Maxwell's demon by recognizing and consuming the 
information about the size difference between different solute molecules[11]. More theoretical 
schemes of heat engine based on Maxwell’s demon have been put forward[5,12–17]. However, there 
is still much controversy on whether these kinds of heat engines (especially the quantum ones) 
respect Carnot's theorem[15,16,18] or not[19–22].  
In a previous work, we have generalized the principle of entropy increase for isolated system to the 
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principle of available information decrease for any system. The available information of an observer 
about a system is the quantificational measurement of the causes of any observable effects. In this 
work, we analyze the available information in the Carnot engine and Szilárd engine and find that 
they two have a same physical essence: lossless conversion of available information. Carnot's 
theorem was generalized as “the available information is 100% coded into work”.  
Available information in Carnot's cycle and Szilárd engine 
 
Fig.1 Forward cycle of Carnot engine(a) and Szilárd engine(b). For Szilárd engine, a Maxwell’s demon 
extracts this I* and codes it in the heat pumped from the environment (Q’c) to output work(WSzilárd); For 
Carnot engine, the isothermal endotherm is a process of writing available information of I*, which is 
coded in output work (WCarnot) subsequently and rejects the waste heat of Qc without available 
information. 
Supposing there are two heat reservoirs, a hot one and a cold one, with temperature of Th and Tc 
respectively, for a Carnot engine (Fig.1.a) driven by an amount of heat (Qh) from hot reservoir, the 
maximum work WCarnot will be,  
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where ηCarnot is the Carnot efficiency, the maximum efficiency for any possible engine according to 
the second law of thermodynamics. The heat got by cold reservoir will be, 
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The available information about the temperature difference carried by the amount of heat Qh at Th 
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can be described as below1, 
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In a heat transfer without any work output, I*Qh will be consumed and results in an entropy increase 
of k I*Qh. If I*Qh serves as the information source of the Maxwell’s demon in a Szilárd engine (Fig.1b) 
in cold reservoir, the heat pumped from the cold reservoir and transformed into work will be, 
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Comparing Eq. (1) and (4), we can find that the Szilárd engine obeys Carnot's theorem. In a cycle, the 
available information of heat reservoir decreases, 
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the available information of cold reservoir remains unchanged, 
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All the available information about the temperature difference is taken away by the work, leaving 
no available information in Qc. Comparing Eq. (4), (5) and (6), Carnot's theorem can be described in 
the language of available information as, 
“the available information about the temperature difference between two heat reservoirs carried 
by the heat is 100% coded into work”. 
For Szilárd engine here, in order to make the Maxwell’s demon able to get all of I*, the heat transfer 
of Qh from Th to Tc must be a reversible process experiencing an infinite number of intermediate 
heat sources to avoid additional consumption of available information during heat transfer. The net 
heat obtained by cold reservoirs will be, 
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Therefore, after a complete cycle of a Carnot engine or a Szilárd engine, the states of the two heat 
reservoirs are the same. In fact, if both of them are placed in black boxes, an outside observer will 
find no method to distinguish them. 
Heat engine connecting heat reservoirs in non-equilibrium states had been discussed by Hasegawa 
et al. [23]and Takara et al.[24], and were found to be able to output more work than those connecting 
equilibrium states. In fact, beside the available information about temperature difference describing 
the imbalance between system and its environment, the internal imbalance of a system is also one 
kind of available information. For Szilárd engine, this internal available information of hot heat 
reservoirs can also act as part of information source while some residual available information must 
be retained as the origin of the internal available information of cold reservoirs. For a system 
composed of nearly-ideal gas of molecules, its internal available information can be described by 
Boltzmann's H function2. Therefore, the possible maximum available information coded in work in 
the cycle will be,  
* *
non equilibrium h cI I H H               (8) 
where Hh and Hc are the H of the hot and the cold reservoirs respectively. If Hc=0 (final state is an 
equilibrium state), the work will take its maximum value(Wmax(non-eq)), which can be greater than the 
value of a classic Carnot engine (Eq.(1) and Eq.(4)).  
max( ) ( * )non eq c hW kT I H              (9) 
Beside temperature difference, other kinds of internal and external imbalances are also available 
information. Therefore, Carnot's theorem can be generalized as, 
“All the available information is 100% coded into work”. 
Classic Carnot engine cannot utilize H of a non-equilibrium state. In the case which local 
equilibrium assumption can be met, one possible approach to utilize it is to split the hot heat source 
into a number of internal balanced subsystems between which many small Carnot engines or 
molecular information ratchets[8–10] can run. They cannot violate the generalized Carnot's theorem 
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above. 
Reversed cycle 
If Qc is moved from a cold reservoir to a hot reservoir, the hot reservoir will get both Qc and the 
available information about the temperature difference between the cold reservoir and itself carried 
by Qc, which must be replenished from outside because Qc from the cold reservoir has no available 
information (Eq. (6)).  
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For the reversed cycle of both the Carnot engine (Fig.2.a) and Szilárd engine (Fig.2.b), this 
replenishment can be achieved through external work (W’). For Carnot engine, the work is, 
' ( 1)hCarnot c
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For Szilárd engine, the work is 
' *
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where T is the operating temperature of information writing process. when T is equal to Th, W’Szilárd will 
take its minimum value (if T is lower than Th, the information writing process cannot be completed). 
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Fig.2 Reversed cycle of Carnot engine(a), Szilárd engine(b) and general Maxwell’s demon.  
In the above two cases, the total heat got by the hot reservoir will be Qh= QcTh/Tc. Therefore, in a 
reversed cycle, an outside observer still cannot distinguish Szilárd engine from Carnot engine. For 
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general Maxwell’s demon (Fig.2.c) beside Szilárd engine, the replenishment can also be achieved 
by consuming other available information such as the information stored in DNA or a computer’s 
hard drive and the information about the difference between ATP and ADP. 
Conclusion and discussion  
From the discussion above, it can be found that the physical essence of Carnot engine and Szilárd 
engine is the same: 100% transmission of available information. Compared with equal amount of 
heat at the same temperature of T, work carries additional available information,  
* *( , )W Q I Q I              (14) 
* WI
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where T is the information operating temperature. For a forward cycle of both Carnot engine and 
Szilárd engine, I*, carried by Qh about the temperature difference between hot and cold reservoir, is 
encoded in work; In a reversed cycle, I* from work act as the available information source to cover 
the shortfall of available information. From Eq. (4), (10) and (15), it can be found that the amount 
of information carried by work changes with the operating temperature. This means that the stored 
information can also be used as a “working medium” of a cycle. Fig.1a has shown the available 
information process of Carnot engine from the view of heat reservoir regarding the engine as a black 
box and taking no account of kinetic details of the cycle. In the supplementary materials, this 
problem was analyzed from the view of Carnot engine and the generalized Carnot's theorem is found 
to still be followed. 
In a complete cycle, a heat engine based on Maxwell’s demon, whether a classic or quantum one, 
can only use existing available information (already stored in demon’s memory or extracted from 
outside information source) but unable to create any new available information. Therefore, no one 
can violate the generalized Carnot's theorem (at least statistically).   
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Supplementary materials 
 
Fig.s1 Carnot cycle 
A complete Carnot cycle consists of following four steps: isothermal heat rejection (1→2), 
isentropic compression (2→3), isothermal heat absorption (3→4), and isentropic expansion (4→1). 
From the view of Carnot engine, the work from the environment will bring available information 
into it, while the output work to environment will take away available information.    
*
W
dW pdv
dI
kT kT
              (s.1) 
where I*W is the available information carried by work. Assuming the working medium is ideal 
single-atom gas, putting ideal gas equation of state (pv=nRT) into the above equation and integrating 
it along the process of isothermal heat rejection (1→2) and isentropic compression (2→3), we can 
get,  
* 2 3 3
1 2 1
(ln ln ) ln
inW
v v v
I nR nR
v v v
            (s.2) 
During the isothermal heat absorption, I*Win is heated, which will be coded in the output work. 
integrating Eq. (s.1) along the process of isothermal heat absorption (3→4) and isentropic expansion 
(4→1), we will get  
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Comparing Eq. (s.3) and Eq. (s.2), it can be found that, 
* *
out inW W
I I                (s.4) 
Eq. (s.4) shows that from the view of Carnot engine, the input and output available information are 
equal during a complete cycle (the negative sign indicates the direction is different). Therefore, the 
generalized Carnot's theorem still holds.  
For an Otto cycle, the heat absorption and rejection of which are achieved at a constant-volume, the 
input and output process and “heat treatment process” of available information are completed 
separately. From the view of an engine, a thermodynamic cycle consists of four links of available 
information: inputting, heating, outputting and erasing residue to reset. The first three links can be 
mixed, while the last link is not necessary to ideal cycles such as Carnot cycle. 
